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1. Introduction
The year 2018 marks a special point for the field of particle physics as it is not
only the end of second period of data-taking at the Large Hadron Collider(LHC)
but also the start-up of the Belle II experiment. In the field of flavour physics,
a number of anomalies have been observed when comparing measurements to the
Standard Model (Standard Model (SM)) expectation; from which a coherent and
conclusive picture emerges. Those anomalies could, if they persist, point towards
certain New Physics (NP) models such as leptoquarks or Z ′ bosons. In this review,
we will give a comprehensive overview of the current state-of-the-art of exclusive
rare b decays from both experimental and theoretical perspective. We will present
the current experimental landscape with a focus of the observed anomalies and
discuss potential new physics interpretations.
The LHCb experiment will continue to run for the next two decades and hence
will be able to either confirm or rule out many of the present-day anomalies. With
the imminent start-up of the data-taking at the Belle II experiment, these tensions
will be independently cross-checked and further complementary measurements will
be accessible.
As the progress in inclusive b→ s`+`− decays was limited after the end of the
B factories, this review focusses on exclusive measurements of rare decays of B
hadrons as these are excellent probes for many new physics scenarios. These rare
decay processes are CKM-, GIM- and loop-suppressed, wherefore potential new
physics effects can be large compared to the SM amplitude. Such indirect searches
allow to probe NP models at much higher mass scales as are currently accessible
through direct searches. In the past, exclusive decays with muons in the final state
have been measured extensively by the LHC experiments, most notably by LHCb,
as well as the B factories. We review the status of these measurements, discuss
their theoretical description in the SM and model-independently in the presence of
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new physics. A special focus is set on the anomalies seen in angular distributions
of B0 → K∗0µ+µ− and in the branching fraction measurements of all exclusive
b → s`+`− decays as well as to the tensions observed in tests of lepton flavour
universality in this class of decays. Measurements of the type b → c`ν are not
covered in this review.
On the theoretical side, the current state of the SM predictions for the discussed
observables is presented. The anatomy of the amplitudes, and their dependence
on various local and non-local hadronic matrix elements is discussed. Particular
focus is set on recent developments for the non-local matrix elements. The model-
independent interpretation of the b → s`+`− measurements is examined in the
framework of the usual Effective Field Theory.
This review is structured as follows: Section 2 introduces the amplitudes of
b → s`+`− decays in an effective field theory approach. Section 3 discusses the
experimental landscape with a focus on semileptonic b→ s`+`− decays, which is
followed by a brief discussion of b→ d`+`− decays, purely leptonic B0(s)→ `+`− and
b→ sγ decays. The experimental part of the review closes with a brief discussion of
b→ sγ decays.
The second part of the review, Section 4, examines the foundation for the SM
predictions required in the first part of the review. Section 5 discusses then a com-
bined interpretation of all presented measurements in the framework of global fits
and possible interpretations of the observed patterns in NP frameworks.
The review closes with a discussion of the experimental outlook in Section 6.
2. Anatomy of the amplitudes
Within the SM and at the Born level there are no flavor-changing neutral cur-
rents (FCNC). As a consequence, any FCNC-mediated quark-flavor transitions,
such as b → s, emerge only from virtual loop corrections, in which a W is first
emitted and subsequently re-absorbed. The emergence at the loop level naturally
suppresses the rate at which these processes occur. In the SM, the unitarity of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix introduces an additional suppression
mechanism that renders b→ s`+`− transitions very rare.1 Moreover, descriptions
of these rare b decays in the SM are further complicated since they pose a multi-
scale problem: as weak decays they are mediated through the exchange of W and Z
bosons, which are much heavier than the remaining particles (with the exception of
the t quark). The use of an Effective Field Theory (EFT) helps our understanding
of such multi-scale dynamics. In the following, we will discuss the EFT used for
predictions of rare b decays below the electroweak breaking scale ΛEW ' 80 GeV.
Within the SM, this EFT captures the effects of the t quark as well as the W and
Z bosons, which are no-longer dynamical degrees of freedom for scales µ < ΛEW.
The effective Lagrangian reads (see e.g.1)
Lb→s`+`− = LQED + LQCD,5 + 4GF√
2
VtbV
∗
ts
[∑
i
Ci(µ)Oi
]
+O (VubV ∗us) , (1)
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where LQED and LQCD,5 denote the Lagrangians of the electromagnetic and strong
interactions (with five quark flavours after integrating out the top quark), GF refers
to the Fermi constant, and the last term captures the local effective operators Oi
with their effective couplings - or Wilson coefficients (WC)- Ci at the renormalisa-
tion scale µ. For convenience, the product of CKM matrix elements VtbV
∗
ts has been
extracted from the definition of the WC.
The matrix elements of the effective operators Oi need to be evaluated at a
low scale µb = mb ' 4.2 GeV, which minimises logarithms in the perturbative
expansion of the matrix elements. Consequently, one requires the WC evaluated
at µb. Problems arising from large logarithms ln(MW /µb) are resummed through
Renormalisation Group (RG) improved running. Contemporary analyses use resum-
mation of QCD-induced large logarithms up to Next-to-Next-to-Leading-Logarithm
(NNLL). This requires knowledge of the relevant anomalous dimensions at the four-
loop level, and the matching conditions at the three-loop level.2–6 The electroweak
effects to NLL, which are numerically sub-leading, are known only for a subset of
the WC.7
For a consistent treatment at the leading order in the electromagnetic coupling
e, all operators of the following set - usually called the SM basis - are required (see
e.g.2). The SM basis consists of the current-current operators (q = u, c)
O1q =
[
s¯γµTAPLq
] [
q¯γµT
APLb
]
, O2q = [s¯γ
µPLq] [q¯γµPLb] ; (2)
the QCD-penguin operators
O3 = [s¯γ
µPLb]
∑
q
[q¯γµq] , O4 =
[
s¯γµTAPLb
] ∑
q
[
q¯γµT
Aq
]
,
O5 = [s¯γ
µνρPLb]
∑
q
[q¯γµνρq] , O6 =
[
s¯γµνρTAPLb
] ∑
q
[
q¯γµνρT
Aq
]
;
(3)
the electromagnetic and chromomagnetic dipole operators
O7 =
e
16pi2
mb [s¯σ
µνPRb] Fµν , O8 =
gs
16pi2
mb
[
s¯σµνTAPRb
]
GAµν ; (4)
and the semileptonic operators
O9 =
e2
16pi2
[s¯γµPLb]
[
¯`γµ`
]
, O10 =
e2
16pi2
[s¯γµPLb]
[
¯`γµγ5`
]
. (5)
In the above, we abbreviate γµνρ ≡ γµγνγρ, PL(R) ≡ (1 ∓ γ5)/2, e2 = 4piαe, and
sums over q run over all active quark flavours u, d, s, c, and b. Through using
αe = αe(µb), universal QED corrections at NLO are taken care of.
8,9
Searches for NP effects at energies smaller than µ ≈ MW have so far not dis-
covered either new interactions or new particles. Assuming that no such low-mass
fields exist, the EFT framework, which is necessary for accurate theory predictions,
can also be used to systematically describe NP effects. To this end, the effective
Lagrangian Eq. (1) has to be modified in the following way:10
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(1) the set of effective field operators is enlarged to include all operators allowed by
field content and Lorentz symmetry up to a given mass dimension (typically mass
dimension six),
(2) their WC are assumed to be independent and uncorrelated parameters.
When limiting this enlarged set to only semileptonic operators, a basis of all oper-
ators up to and including mass dimension six can be formed by also including the
chirality-flipped operators,
O9′ =
e2
16pi2
[s¯γµPRb]
[
¯`γµ`
]
, O10′ =
e2
16pi2
[s¯γµPRb]
[
¯`γµγ5`
]
; (6)
the (pseudo)scalar operators
OS =
e2
16pi2
[s¯γµPRb]
[
¯``
]
, OP =
e2
16pi2
[s¯γµPRb]
[
¯`γ5`
]
,
OS′ =
e2
16pi2
[s¯γµPLb]
[
¯``
]
, OP ′ =
e2
16pi2
[s¯γµPLb]
[
¯`γ5`
]
;
(7)
and the tensor operators
OT =
e2
16pi2
[s¯σµνb]
[
¯`σµν`
]
, OT5 =
e2
16pi2
[s¯σµνb]
[
¯`σµνγ5`
]
. (8)
A complete and non-redundant set of dimension-six operators, including their one-
loop anomalous dimensions in both QCD and QED is compiled in.11
This bottom up approach probes model-independently for deviations from the
SM:12–15the WCs are sensitive to NP effects of new particles that are too heavy to
be produced directly. Rare semileptonic b decays therefore provide information that
is complementary to the “direct” searches for new interactions and particles that
are carried out at the Large Hadron Collider.
The above basis is further reduced when one assumes a manifest invariance of
NP effects under the SM gauge group within a SM-like (i.e. linear σ) Higgs model.
For the b→ s`+`− operators, this was explicitly demonstrated in.16a The effective
Lagrangian in Eq. (1) can be matched onto the SM Effective Field Theory (SMEFT)
(see e.g.18), whose operators are manifestly invariant under the SM gauge group.
The required matching formulas are compiled in19 to leading non-trivial loop level.
Matching, basis transformations and Renormalization-Group-Equation (RGE) evo-
lution can be conveniently achieved through a variety of computational tools, in-
cluding but not limited to: the “DsixTools” Mathematica package;20 the “Wilson
Coefficient Exchange Format” and its reference Python implementation;21 and the
“Wilson” Python package.22
a Note, however, that a nonlinear representation fully restores the basis of dimension six operators
to the set introduced above.17
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Schematically, the matrix elements for all exclusive b→ s`+`− processes can
now be expressed as
A ∼ C10F10 +
[
C9F9 − 2mbMB
q2
C7F7
]
− 32pi
2M2B
q2
H+O (αe) , (9)
where q2 refers to the invariant mass squared of the di-lepton pair. The Fi
refer to hadronic matrix elements of local s¯b currents as induced by the operators
O7,9,10 , while H denotes matrix elements of time-ordered products involving four-
quark operators O1c,2c,3,...,6 and the chromomagnetic operator O8 together with
the electromagnetic current. In the presence of NP effects in the semileptonic and
radiative operators, the hadronic matrix elements remain unchanged. However, the
coefficients multiplying the latter are then modified. For the complete anatomy of
the amplitudes of B → K(∗)`+`− decays in the presence of NP operators of mass
dimension six we refer to.23,24 A similar study for Λ0b→ Λ`+`− is presented in.25
3. Experimental measurements
In this section, we draw a picture of the current experimental status of semi-leptonic
b → s`+`− (including a brief discussion of b → d`+`−) decays, purely leptonic
B0(s)→ `+`− and radiative b→ sγ transitions. Hereby, we will discuss measurements
of the various hadronic final states, e.g. kaon and K∗ states, giving access to a broad
range of observables such as branching fractions, CP and isospin asymmetries as
well as angular observables. Within this section, the LHCb measurements refer to
the full Run 1 dataset corresponding to 3 fb−1 collected during the years 2011 and
2012, the BaBar results were obtained on their full dataset of 424 fb−1 and the
Belle publications exploit their complete dataset of 711 fb−1 if not otherwise stated.
Presented results integrated over the whole q2 range have been obtained by vetoing
the charmonium resonances and interpolating over this vetoed q2 region. It should
be noted that the exact range to veto the charmonium resonances depends on the
respective analysis.
3.1. Semileptonic b→ s`+`− decays
Particular interest was raised throughout the past years by various measurements
of semileptonic b→ s`+`− decays, in which several tensions between the SM pre-
dictions and experimental measurements have been observed. These deviations are
mostly in the range of two to three standard deviations and show a consistent
pattern, which can be explained by lowering the WC C9 with respect to its SM
value14,26,27 as detailed further in Section 5.1.
3.1.1. B → K`+`− decays
The differential branching fractions of the decays B+ → K+µ+µ− and B0 →
K0µ+µ− versus the invariant mass squared of the dimuon pair, q2, were deter-
mined by the LHCb collaboration with the CP -averaged isospin asymmetry AI
28
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defined as
AI =
Γ(B0→ K(∗)0µ+µ−)− Γ(B+→ K(∗)+µ+µ−)
Γ(B0→ K(∗)0µ+µ−) + Γ(B+→ K(∗)+µ+µ−) , (10)
=
B(B0→ K(∗)0µ+µ−)− (τ0/τ+) · B(B+→ K(∗)+µ+µ−)
B(B0→ K(∗)0µ+µ−) + (τ0/τ+) · B(B+→ K(∗)+µ+µ−) , (11)
with the partial widths Γ and branching fractions B of the corresponding decay
channels and the ratio of B0 to B+ lifetimes τ0/τ+. The analysis finds values indi-
vidually compatible with the SM prediction. However, the entity of measurements
lies systematically below the predictions as shown in Fig. 1. In the same analysis,
the CP -averaged isospin asymmetry has been measured and is depicted in Fig. 1.
In a similar analysis, the CP asymmetry
ACP = Γ(B¯→ K¯
(∗)µ+µ−)− Γ(B¯→ K¯(∗)µ+µ−)
Γ(B¯→ K¯(∗)µ+µ−) + Γ(B¯→ K¯(∗)µ+µ−) , (12)
was determined under the assumption of no direct CP violation in the control mode
B+ → K+J/ψ to be ACP (B+ → K+µ+µ−) = 0.012 ± 0.017 ± 0.001, where the
uncertainties are statistical and systematic, respectively,29 and this measurement is
consistent with the SM prediction.30
The double differential decay rate of B+→ K+µ+µ− decays32 is given by
1
Γ
dΓ
d cos θl
=
3
4
(1− FH)(1− cos2 θl) + 1
2
FH +AFB cos θl, (13)
where the angle between the µ− (µ+) and the oppositely charged kaon K+ (K−)
of the B+ (B−) decay is denoted by θl, FH is the so-called flat term, and AFB is
the forward-backward asymmetry of the dimuon system.
As the flavour of the neutral B meson cannot be determined for the self-
conjugate final state K0Sµ
+µ−, the double differential decay rate is extracted as
a function of the absolute value of cos θl as
1
Γ
dΓ
d| cos θl| =
3
2
(1− FH)(1− | cos θl|2) + FH, (14)
with the constraint of 0 ≤ FH ≤ 3 enforcing the expression to be positive-definite
for all values of | cos θl|.33 The results of AFB and FH are compatible with the SM
predictions31 and are shown in Fig. 2.
Interference effects between the short- and long-distance contributions were stud-
ied in B+ → K+µ+µ− decays at low recoil.34 The LHCb collaboration reported
the first observation of the decays B+ → Ψ(4160)K+ and the subsequent decay
Ψ(4160)→ µ+µ− with B(B+→ Ψ(4160)K+) = (5.1+1.3−1.2 ± 3.0) · 10−4, which is de-
termined under the assumption of lepton flavour universality and hence the second
uncertainty stems from the known Ψ(4160)→ e+e− branching fraction. No signif-
icant signal was observed for the Ψ(4040) resonance, and an upper limit B(B+→
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Fig. 1. Differential branching fraction results for B+→ K+µ+µ− (top left) and B0→ K0µ+µ−
(top right) decays with theory predictions overlaid31 and the CP -averaged isospin asymmetry
(bottom). Figures from.28
Ψ(4040)K+) < 1.3 (1.7) · 10−4 at 90 (95)% C.L. is set. The mean and the width of
the Ψ(4160) resonance were measured to be 4191+9−8 MeV/c
2 and 65+22−16 MeV/c
2, re-
spectively, where the uncertainties comprise both statistical and systematic sources.
The interference between the observed resonant B+→ Ψ(4160)K+ and the non-
resonant B+→ K+µ+µ− decay in the large q2 region amounts to 20%34 leading to
renewed interest in previous estimates of quark-hadron duality violation for these
processes35 as discussed in Section 4.2.
By assuming a model of hadronic resonances, the LHCb collaboration fits
the differential branching fraction of B+ → K+µ+µ− to data. The branching
fraction of the short-distance component is determined by setting the J/ψ and
ψ(2S) resonance amplitudes to zero, and is found to be B(B+ → K+µ+µ−) =
(4.37 ± 0.15 ± 0.23) · 10−7,36 where the uncertainties are statistical (including the
form factor uncertainties) and systematic. In addition, the phase difference between
the short-distance and the narrow-resonance amplitudes in B+→ K+µ+µ− decays
was determined by performing a fit to the mass of the dimuon pair; of which one
possible solution is illustrated in Fig. 3. As the values of the J/ψ phases are com-
patible with ±pi/2, the interference with the short-distance contributions far from
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Fig. 2. Results for AFB (left) and FH in B
+→ K+µ+µ− decays and for FH in B0→ K0Sµ+µ−
decays (bottom). The inner horizontal bars indicate the one-dimensional 68% confidence inter-
vals, whereas the outer vertical bars include contributions from systematic uncertainties. The SM
predictions are overlaid as band. Figures from.33
the pole masses is small.
3.1.2. B → K∗`+`− decays
In addition to the aforementioned studies of K0 and K+ states, channels with a pair
of K+pi− mesons in the final state have received particular attention over the past
years as those decays show a rich phenomenology. Amongst these decays, events
with a K+pi− invariant mass close to the vector resonance K∗ (892) are the subject
of numerous studies . Here and in the following, we discuss treating the K∗ (892)
as a quasi-stable particle, and decays B0→ K∗0µ+µ− should be interpreted as the
decay chain B→ K∗(892)(→ Kpi)µ+µ− if not otherwise stated.
The CP asymmetry defined in Eq. (12) was measured by the LHCb collabora-
tion to be ACP (B0→ K∗0µ+µ−) = −0.035± 0.024± 0.003, where the uncertainties
are statistical and systematic, respectively,29 and the measurement is found to be
consistent with the SM expectation of a small CP asymmetry in this decay.
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Fig. 3. Fit to the mass of the dimuon pair for the favoured case where both J/ψ and ψ(2S) phases
are negative. Figure from.36
The differential branching fraction of a charged B meson into a K∗+ final state,
B+→ K∗+µ+µ−, has been measured by the LHCb collaboration; the results are
shown in Fig. 4 in several bins of q2. A study of the neutral decay mode was
performed, which resulted in the measurement of the isospin asymmetry as defined
in Eq. (10) illustrated in Fig. 4. As the differential branching fractions of the decay
B0→ K∗0µ+µ− had been previously reported in,37 the values were not updated
in28 until later in.38 The latter results are as well depicted in Fig. 5, and the analysis
yields the most precise measurement to date of the q2-averaged branching ratio
B(B0→ K∗0µ+µ−)/δq2 = (0.342+0.17−0.17 ± 0.009± 0.023) · 10−7
c4
GeV2
, (15)
with δq2 = 4.9 GeV2/c4 (in the bin 1.1 GeV2/c4 < q2 < 6.0 GeV2/c4) where the
uncertainties are statistical, systematic and from the uncertainty on the branching
fraction of the normalisation channel B0→ K∗0J/ψ . In the region 1.1 GeV2/c4 <
q2 < 6.0 GeV2/c4 and for the K+pi− invariant mass range 796 MeV/c2 < m(Kpi) <
996 MeV/c2, the S-wave component is measured to be FS = 0.101± 0.017± 0.009,38
where the uncertainties are of statistical and systematic origin. Assuming the ab-
sence of high-order waves e.g. D- and F-waves, the pure P-wave component of the
differential branching fraction has been determined for the first time. However, in
previous analyses, the S-wave fraction was not taken into account as is the case in
a measurement of the differential branching fraction published by the CMS collab-
oration,39 whose results are shown in Fig. 5.
The four-dimensional differential decay rate of B0 → K∗0µ+µ− (B0 →
K∗0µ+µ−) decays is expressed as a function of the invariant mass of the lepton
July 10, 2018 1:6 WSPC/INSTRUCTION FILE review
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Fig. 4. Differential branching fraction results for B+ → K∗+µ+µ− (left) decays with theory
predictions overlaid31,40 and the CP -averaged isospin asymmetry (right). Figures from.28
Fig. 5. Differential branching fraction results for the P-wave component of B0 → K∗0µ+µ−
decays with theory predictions overlaid,41,42 which are purely made for the resonant P-wave part
of the K+pi− system (left)38 and for the S- and P-wave components (right).39
pair q, and the angles θ`, θK∗ and φ, where θ` refers to the angle between the µ
−
and the K∗0 (K∗0) flight directions in the di-lepton rest frame, and θK∗ to the angle
between the K∗0 (K∗0) and the K+ (K−) flight directions in the K∗ rest frame and
φ corresponds to the angle between the planes defined by the di-muon and the kaon
and pion in the B rest frame.43,44 The fully differential decay rate is then given by
d4Γ¯(B0→ K∗0µ+µ−)
dq dcos θ` dcos θK∗ dcosφ
=
9
32pi
∑
I¯i(q, θK∗)fi(θ`, φ), (16)
d4Γ(B0→ K∗0µ+µ−)
dq dcos θ` dcos θK∗ dcosφ
=
9
32pi
∑
Ii(q, θK∗)fi(θ`, φ), (17)
where the Ii (I¯i) terms depend on products of the K
∗ spin amplitudes and the fi
functions are the corresponding angular distribution functionsb assuming an on-shell
K∗ meson.30 As the theoretical calculations define θ` with respect to the negatively
bThe differential decay rate taking the full basis including scalar and tensor operators has been
derived in.23
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Fig. 6. Angular observables P1 (left) and P ′5 (right) of B
0 → K∗0µ+µ− decays depending
on q2 compared to the LHCb50 and Belle51 measurements and with theory predictions overlaid
(DHMV,45,52 HEPfit53,54). The inner bars represent the statistical uncertainty, and the total
uncertainty is illustrated by the outer vertical bars. The bin widths are indicated by the horizontal
bars. Figures from.48
charged muon in both B0 and B0 decays, the angular distributions between theory
and experiment differ. A translation scheme between the two conventions is given
in.24 More common than expressing the differential decay rates as functions of Ii and
I¯i is using the CP -averaged and CP -asymmetric observables Si and Ai as introduced
in.30
Si = (Ii + I¯i) /
(
dΓ
dq2
+
dΓ¯
dq2
)
, (18)
Ai = (Ii − I¯i) /
(
dΓ
dq2
+
dΓ¯
dq2
)
. (19)
One can construct a complete set of observables P
(′)
i with a reduced B
0→ K∗ form-
factor dependence45–47 in the large energy limit. They emerge from combinations
of FL and S3 − S9, where P ′5 = S5/
√
FL(1− FL) is the most notable and hence
relevant for further discussions in this review.
In the angular analysis of B0 → K∗0µ+µ− decays by the CMS collaboration
on a dataset of 20.5 fb−1 recorded in 2012, both P ′5 and P1 = 2S3/(1 − FL) were
determined,48 by using a folded differential decay rate - an approach originally
developed by the LHCb collaboration.37,49 After the folding, a multi-dimensional
fit is performed, with the parameters of interest P1 , P
′
5 and A
5
S along with signal
and background yields, whereas the values of the longitudinal polarisation of the
K∗ meson, FL, FS and and the interference between S- and P-wave, AS, have been
fixed to values determined in a previous analysis performed on the same dataset.39
The results of P1 and P
′
5 are shown in Fig. 6 and are consistent with the SM
predictions and previous measurements.
The aforementioned folding technique has also been employed by the Belle col-
laboration to extract P ′5 and P
′
4 = S4/
√
FL(1− FL) from the full dataset for both
B0→ K∗0µ+µ− and B0→ K∗0e+e− decays, as well as the combination of both
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Fig. 7. Belle measurement of angular observables P ′4 (top left) and P
′
5 (bottom left) depending
on q2 for B0→ K∗0`+`− with ` = e, µ decays with theory predictions overlaid from DHMV52 and
lattice QCD;55 the measured values of Q4 (top right) and Q5 (bottom right) are compared to the
DHMV prediction and an arbitrary new physics scenario (scenario 1 from 52). Figures from.51
leptonic final states.51 The results on P ′4 and P
′
5 are shown in Fig. 7. Tensions
between measurement and SM prediction52,55 are observed for P ′5 for the muon
final state in the region 4 GeV2/c4 < q2 < 8 GeV2/c4 of 2.6σ, whereas the electron
mode differs by 1.3σ in the very same region, leading to a combined tension of 2.5σ.
In addition to the P ′4,5 observables, the so-called Q4,5 = P
′,µ
4,5 −P ′,e4,5 observables are
determined for the first time; any deviation of these observables from zero would
be a clear sign for new physics.56 However in the Belle analysis, no deviation from
zero is observed as can be seen in Fig. 7.
A more complete angular analysis was performed by the ATLAS collaboration on
its 20.3 fb−1 dataset from 2012 by exploiting four different folding schemes allowing
to extract a set of four observables for each scheme.57 However neither S9 nor AFB
can be measured with the chosen approach. The values for FL and S3, which are
common to each folding scheme, have been compared between the four fits and
have found to be consistent. The publication comprises results on FL, S3,4,5,7,8, P1
and P ′4,5,6,8, from which P
′
4 and P
′
5 are shown in Fig. 8. The obtained results
are consistent with the different SM predictions within less than three standard
deviations.
In contrast to previous analyses, the LHCb collaboration has performed a full
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Fig. 8. Angular observables P ′4 (left) and P
′
5 (right) depending on q
2 for B0→ K∗0µ+µ− decays
with theory predictions overlaid from DHMV52 and JC.58,59 Figures from.57
angular analysis, and has determined the set of angular observables by employing
three different methods: by a maximum likelihood fit, by exploiting the angular
principal moments,60 and in addition the zero-crossing points of S4,5 and AFB
were determined from a fit to the decay amplitudes.50 The full angular analysis
gives access to the correlation matrices, which provide crucial input for global fits
to theoretical models. The results of the maximum likelihood and the method of
angular principal moments are found to be compatible. As the maximum likelihood
yields the most precise results, we restrict the discussion to this approach. However,
we note in passing that the angular principal moments allow for smaller bin widths in
q2 and therefore provide more information of the q2 shape of the angular observables
compared to the maximum likelihood method. In this analysis performed by the
LHCb collaboration, the fraction of the S-wave component was taken into account.
Neglecting theoretical correlations, the Si observables appear to be compatible with
the SM predictions. The theory correlations can be displayed best in the space of
the P (′) observables with the most notable deviation of the SM in P ′5 as can be
seen from Fig. 9: in the regions 4 GeV2/c4 < q2 < 6 GeV2/c4 and 6 GeV2/c4 < q2 <
8 GeV2/c4, deviations of the measured values from the SM prediction61 of 2.8σ and
3.0σ can be observed, respectively. This confirms the tension seen in a previous
LHCb analysis49 in the region 4.30 GeV2/c4 < q2 < 8.68 GeV2/c4, which had a local
significance of 3.7σ.
A fit to the complete set of CP -averaged observables, namely FL, AFB and
S3−S9, as determined from the maximum likelihood fit is performed by the LHCb
collaboration50 using the EOS software package62,63 for observables in the q2 ranges
below 8 GeV2/c4 and 15.0 GeV2/c4 < q2 < 19.0 GeV2/c4. The fit result illustrated
in Fig. 10 indicates a tension of 3.4σ between the measurements and the SM pre-
diction of B0→ K∗0µ+µ− alone.
When the fully differential decay rate (see Eq. (16)) is integrated over θ` and
φ, the resulting expression depends on FL and AFB, which is what the BaBar col-
laboration exploited to measure those parameters64 on their full dataset and to
extract P2 = −2AFB/(3[1 − FL]). The studied decay channels include not only
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Fig. 9. Angular observables P ′4 (left) and P
′
5 (right) of B
0→ K∗0µ+µ− decays depending on
q2 as extracted from a maximum likelihood fit with theory predictions overlaid.61 Figures from.50
Fig. 10. The ∆χ2 distribution for Re CNP9 µµ from a global fit to the full set of CP -averaged
observables. The best fit point lies at Re∆C9 = −1.04 ± 0.25, whereas the central value of the
SM prediction is at ReC9 = 4.27,12 hence indicating a tension of the measurement with respect
to the SM prediction. Figures from50 using the EOS software package.62,63
B0→ K∗0µ+µ− and B0→ K∗0e+e− decays but also their charged counterparts.
The results are summarised in Fig. 11 and most results are compatible amongst each
other and with the SM prediction. In the low q2 region, a tension is observed in FL
between B+→ K∗+`+`− and B0→ K∗0`+`− decays as well as the SM prediction.
In the same region, there appears to be a small tension for P2 .
Although most previous analyses focus on the muonic final states, several anal-
yses measure e.g.. the branching fraction or angular observables for B0→ K∗0e+e−
dThis result was later retracted in 2015.
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Fig. 11. Results for FL (top), AFB (middle) and P2 (bottom) for different bins in q
2. The results
on FL and AFB are compared to previous results from Belle,
65 CDF,66 LHCb,37 CMS67 and
ATLAS68 dand the SM prediction61 (blue dashed line). For P2 , the SM prediction61 is indicated
by the blue boxes, which is only available in the low q2 region, and hence in the high q2 regions,
the bin size is illustrated by the black lines. Figures from.64
decays. On the 2011 LHCb dataset corresponding to 1 fb−1, the branching frac-
tion of the electron mode has been determined in the dielectron mass range 30 −
1000 MeV/c2 to be B(B0→ K∗0e+e−)30−1000 MeV/c2 = (3.1+0.9−0.8 +0.2−0.3 ± 0.2) · 10−7,69
where the uncertainties are statistical, systematic and from the normalisation mode.
This result is found to agree with SM predictions. On the 3 fb−1 dataset, an an-
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gular analysis has been performed70 in the effective range 0.002 GeV2/c4 < q2 <
1.120 GeV2/c4 yielding
FL = +0.16± 0.06± 0.03, (20)
P1 = A
(2)
T = −0.23± 0.23± 0.05, (21)
AImT = +0.14± 0.22± 0.05, (22)
AReT = +0.10± 0.18± 0.05, (23)
where the uncertainties are statistical and systematic, respectively, and these results
are in agreement with the SM expectations.
3.1.3. B → K∗`+`− decays beyond the ground state
Apart from kaon and K∗ states, one can consider higher K∗ resonances above the
K∗0(892) mass range. The LHCb collaboration reported the first observation of
the decay channels B+→ K+pi+pi−µ+µ− and B+→ φK+µ+µ−, whose branching
fractions are
B(B+→ K+pi+pi−µ+µ−) = (4.36+0.29−0.27 ± 0.21± 0.18) · 10−7, (24)
B(B+→ φK+µ+µ−) = (0.82+0.19−0.17 +0.10−0.04 ± 0.27) · 10−7, (25)
where the uncertainties are statistical, systematic and originating from the normal-
isation mode.71 For the B+→ K+pi+pi−µ+µ− channel, the differential branching
fractions illustrated in Fig. 12 could be measured.
In the region above the K∗0(892) mass around 1430 MeV/c2, the following res-
onances decaying to a K+pi− final state contribute to the spectrum: the S-wave
K∗0 (1430)
0, the P-waves K∗(1410)0 and K∗(1680)0 and the D-wave K∗2 (1430)
0.
The LHCb collaboration has, for the first time, studied the differential branching
fraction of the decay B0→ K+pi−µ+µ− and performed a full angular analysis in-
cluding S-, P-, and D-wave contributions in the region 1330 MeV/c2 < m(K+pi−) <
1530 MeV/c2.72 The former results are shown in Fig. 12; the latter results on the
angular observables point towards large interference effects between the S-, P- and
D-wave contributions. The fraction of the D-wave was estimated to be smaller than
FD < 0.29 at 95% C. L..
72
3.1.4. B0s → φ`+`− decays
To gain further insight into the observed tensions in b→ s`+`− decays, B0s decays
were studied to complement studies of B0 decays. In the decay channel B0s →
φµ+µ−, a full time-integrated angular analysis in line with the previously mentioned
B0→ K∗0µ+µ− study has been performed. In contrast to the self-tagging B0→
K∗0µ+µ− decays, the φ meson decays into a pair of oppositely charged kaons,
and hence is not flavour-specific, wherefore the accessible angular observables are
FL, the CP -averaged observables S3,4,7 and the CP asymmetries A5,6,8,9. For the
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Fig. 12. Differential branching fraction results depending on q2 for B+→ K+pi+pi−µ+µ− decays
(left - figure from71) and for B0→ K+pi−µ+µ− decays in the region 1330 MeV/c2 < m(K+pi−) <
1530 MeV/c2 (right - figure from72).
first time, the observables S4 (shown in Fig. 13) and S7 have been measured. This
LHCb analysis comprises a measurement of the differential branching fraction shown
in Fig. 13 for which a discrepancy of 3.3σ between the measured branching fraction
and the SM prediction in the region 1.0 GeV2/c4 < q2 < 6.0 GeV2/c4 is observed.73
This confirms a tension seen in the branching fraction measured by the previous
analysis74 of about 3.1σ when comparing to more recent SM predictions42,75 than
was referred to in the publication.
Fig. 13. Differential branching fraction results for B0s → φµ+µ− decays depending on q2 (left)
and the angular observable S4 (right) both with SM predictions overlaid.42,75 Figures from.73
3.1.5. Sum of exclusive b→ s`+`− decays
In contrast to the LHCb experiment, the B factories are able to perform inclusive
measurements of e.g. B→ Xs`+`− decays. However, inclusive analyses are challeng-
ing due to the required full reconstruction of the other B decay, which significantly
reduces the efficiency. Hence, so-called sum-of-exclusive analyses are performed,
which use a dominant subset of the corresponding exclusive decays instead. In an
analysis of B→ Xs`+`− decays with ` = e, µ on the full BaBar dataset, ten dif-
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ferent hadronic final states Xs were considered accounting in total for 70% of the
fully inclusive rate.76 In these overall twenty final states, the differential branching
fraction of B→ Xs`+`− decays was measured and by extrapolating this sum-over-
exclusive result, the inclusive branching fraction averaged over lepton flavours was
determined to be
B(B→ Xs`+`−) = (6.73+0.70−0.64 +0.34−0.25 ± 0.50) · 10−6, (26)
for q2 > 0.1 GeV2/c4, where the uncertainties are statistical, systematic and orig-
inating from the model-dependent extrapolation. A slight excess of ∼ 2σ is ob-
served in the high q2 region of the partial branching fraction measurement shown
in Fig. 14 for both electron and muon final states. From the branching frac-
tions, which are determined for both electron and muon final states as well as
the flavour-averaged combination, the direct CP asymmetry is extracted. By in-
tegrating over the q2 region, the flavour-averaged CP asymmetry is found to be
ACP (B→ Xs`+`−) = 0.04± 0.11± 0.01, where the uncertainties are statistical and
systematic, respectively,76 and ACP is consistent with the SM prediction as are the
CP asymmetries in bins of q2.
Fig. 14. Differential branching fraction results for B→ Xs`+`− decays for electron and muon
final states as well as for the flavour-average depending on q2 with SM predictions overlaid. Figure
from.76 Due to an incovenient choice of scales, the ∼ 2σ excess at high q2 is not visible.
A similar analysis was published by the Belle collaboration on its full dataset,
in which the first measurement of AFB as a function of q
2 was reported,77 where
the reconstruction of the hadronic system extends over ten final states. The sum-of-
exclusive results are compatible with SM predictions as can be seen from Fig. 15.
For q2 > 10.2 GeV2/c4, AFB < 0 is excluded at a level of 2.3σ.
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Fig. 15. Forward-backward asymmetry results for B→ Xs`+`− decays determined from a sum-
of-exclusive approach depending on q2 with SM predictions overlaid (red band with black curve
and boxes). Figure from.77
3.1.6. Λ0b→ Λ`+`− decays
The b→ s`+`− transitions have also been studied in decays of Λ0b baryons. Their
decay to a ground state Λ baryons offers a rich phenomenology with ten angular
observables in the case of an unpolarised Λ0b baryon.
78 The LHCb collaboration has
measured the differential branching fraction of Λ0b→ Λµ+µ− with Λ→ ppi− decays
along with the forward-backward asymmetries of the dimuon and the ppi systems
denoted by A`FB and A
h
FB, respectively, as well as the fraction of the longitudinally
polarised dimuons, fL.
79 The first significance of a signal is reported in the two
regions 0.1 GeV2/c4 < q2 < 2.0 GeV2/c4 and between the charmonium resonances in
the range 11.0 GeV2/c4 < q2 < 12.5 GeV2/c4. The angular observables fL and A
`
FB
are extracted from a fit to the one-dimensional angular distributions as a function
of cos θ`, which is defined as the angle between the positive (negative) muon and
dimuon flight direction in the Λ0b (Λ
0
b) rest frame. Similarly, the hadronic forward-
backward asymmetry is determined from the one-dimensional distribution of cos θh,
where θh is the angle between the proton and Λ directions. The results on A
h
FB are
in good agreement with the SM prediction, whereas the leptonic forward-backward
asymmetry lies systematically above the prediction. The results on AFB along with
the differential branching fraction are depicted in Fig. 16. The interpretation of these
data is challenging and no convincing simultaneous theory explanation of these data
and the anomalies in the mesonic modes has been found.80
For a subset of the angular observables the impact of all dimension-six NP con-
tributions has been worked out in.82 With the future dataset of the LHCb detector,
a novel test of the SM could be carried out by studies of polarised versus unpolarised
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Fig. 16. Results for AFB of the leptonic system (top left) and hadronic system (top right) and the
differential branching fraction (bottom) in Λ0b→ pµ−ν decays. The SM predictions81 are overlaid
as band. Figures from.79
Λ0b→ Λ`+`− decays,83 where the number of angular observables increases from 10
in the unpolarised case to 34 in the case of a non-zero production polarisation of
the Λ0b baryons.
3.1.7. Tests of lepton flavour universality
A very clean test for new physics in b→ s`+`− decays can be performed by taking
ratios of branching fractions to different lepton species in the final state or by mea-
suring the difference of angular observables across lepton species, e.g. in Q5 as has
been discussed in Section 3.1.2. Here, the prediction of lepton flavour universality
(LFU) is probed, i.e. the SM prediction that weak couplings to all lepton flavours
are identical. At the current experiments, b → s`+`− decays with electrons and
muons in the final state are accessible. For q2 larger than 1 GeV2 both muons and
electrons are sufficiently relativistic such that uncertainties in the hadronic form
factors cancel to a very good approximation leaving a SM prediction with uncer-
tainties well below 1%.84 Log-enhanced radiative corrections for the decay rates are
discussed in85 yielding a larger uncertainty ∼ 1%.
In recent years, the interest in lepton flavour universality tests has increased,
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mainly driven by two measurements of the LHCb collaboration: the ratio of B+→
K+µ+µ− to B+→ K+e+e−, called R(K),86 and the ratio of B0→ K∗0µ+µ− to
B0→ K∗0e+e−, called R(K∗).87 The LHCb collaboration uses basically the same
strategy for both analyses, that is discussed here for general b→ s`+`− decays with
the corresponding hadron H. The lepton flavour universality testing ratio R(H) is
then defined as84
R(H) =
∫
dΓ(B→Hµ+µ−)
dq2 dq
2∫
dΓ(B→He+e−)
dq2 dq
2
, (27)
where the differential decay rate is measured in certain q2 ranges driven by exper-
imental constraints and theoretical interests. The q2 range corresponding to the
J/ψ and ψ(2S) is always excluded from the LFU analysis but used as control and
normalisation channel, since they are tested to be lepton-flavour universal to very
high precision.88 To cancel experimental uncertainties in the absolute efficiencies
of the measurements, the ratio R(H) is not measured directly but as double ratio
normalising the non-resonant signal mode to the corresponding high-statistics res-
onant mode, let us consider a J/ψ resonance in the following. The ratio R(H) is
then measured as
R(H) =
B(B→ Hµ+µ−)
B(B→ HJ/ψ (→ µ+µ−))
/ B(B→ He+e−)
B(B→ HJ/ψ (→ e+e−)) . (28)
A few comments are in order to explain this experimental strategy: first, this method
tests for LFU violations in FCNC decays and it relies on the conservation of LFU
in the corresponding resonant decay modes. To test this assumption, the ratio of
the branching fractions in the resonant channel
r(J/ψ ) =
B→ HJ/ψ (→ µ+µ−)
B→ HJ/ψ (→ e+e−) , (29)
is confirmed to agree with the conservation of lepton flavour universality. It has to
be stressed that this test is more stringent than required because it cross-checks
the absolute ratio of muon to electron reconstruction, identification and selection
efficiencies while in the double-ratio of R(H) only relative efficiencies between non-
resonant and resonant channel matter. The entire range of q2 can be tested with this
method, if the ratio r(J/ψ ) is measured in bins of the daughter particle momenta.
The most precise measurement of r(J/ψ ) has been performed in LHCb’s analysis
of R(K∗), where it was found to be in agreement with unity with a precision of 4.5%.
Compared to the statistical uncertainties of the LFU tests of the order of 10%, this
uncertainty is subdominant. For further tests with enlarged datasets, the precision
in the determination of efficiencies as cross-checked in r(J/ψ ) needs to be studied
in greater detail.
Among the b→ s`+`− decays, the B+→ K+`+`− mode is best accessible to
the LHCb experiment and the B factories. The former collaboration has published
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a measurement using the full Run 1 dataset.86 The value of R(K) is found to be
R(K) = 0.745+0.090−0.074 ± 0.036, (30)
where the uncertainties are statistical and systematic, and this measurement consti-
tutes a tension with the SM prediction32 of 2.6 standard deviations. The BaBar and
Belle experiments have also performed tests of lepton flavour universality65,89 but
their analysed dataset is much smaller than the LHCb dataset and hence the mea-
surement has significantly increased uncertainties. The status of all measurements
is summarised in Fig. 17.
Further tests of LFU have been carried out with a K∗0 resonance in the final
state; a study in B0→ K∗0`+`− decays was published recently by the LHCb col-
laboration in two bins of q2. The results in both q2 ranges are found below the SM
prediction at
R(K∗) =
{
0.66+0.11−0.07 ± 0.03 for 0.045 GeV2/c4 < q2 < 1.1 GeV2/c4 ,
0.69+0.11−0.07 ± 0.05 for 1.1 GeV2/c4 < q2 < 6.0 GeV2/c4 ,
(31)
where the uncertainties are statistical and systematic, respectively. The mea-
surement of R(K∗) is shown in Fig. 17. The significances of the deviation of the SM
expectation is 2.1-2.3 and 2.4-2.5 standard deviations, respectively. The SM pre-
diction for R(K∗) in the lowest bin suffers from an additional source of theoretical
uncertainty due to LFU-violating SM effects. These effects can for example stem
from almost on-shell hadronic intermediate states that decay at different rates into
muons versus electrons. We refer to85 for a discussion.
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Fig. 17. Tests of LFU in b→ s`+`− decays: summary of the measurements of R(K) of the LHCb,
BaBar and Belle experiments with the SM prediction overlaid as a line at unity (left) and the
LHCb measurement of R(K∗) together with several SM predictions (right) are shown. Figures
from.86,87
The data that the LHCb experiment has collected at the point of this review
contains already a factor three more beauty mesons than in the published LFU
analyses on 3 fb−1. With the increased sensitivity of the LHCb detector and the start
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of the Belle II experiment, the tensions seen in the R(K) and R(K∗) measurements
will be either confirmed or ruled out in the foreseeable future.
Additionally to the channels discussed above, LFU can be tested in B0s→ φ`+`−
decays, where a first observation of the channel B0s→ φ`+`− should be possible al-
ready with 3 fb−1 of data at LHCb. Also B+→ K+pi+pi−`+`−− and Λ0b→ Λ(∗)`+`−
decays are analysed to test for a potential violation of lepton universality. Combining
the already collected large datasets and the analysis of more channels, the question
if LFU is conserved in the SM should be conclusively answered in the near fu-
ture. A quantitative analysis of the future sensitivities to discover LFU is discussed
in Section 6.
3.2. A note on b→ d`+`− decays
In contrast to the well tested b→ s`+`− decays, that are described above in Sec-
tion 3.1, the decays of the type b→ d`+`− are CKM suppressed by a factor of about
32.88 The b→ d`+`− system is in principle unconnected to other systems, wherefore
it provides a complementary probe for new physics effects e.g. for the hypothesis
of Minimal Flavour Violation,90 in which these two systems would be connected.
Therefore, ratios of related decays provide a stringent test of this hypothesis.
The first b → d`+`− decay that was observed91 is B+ → pi+µ+µ−, where
the differential branching ratio was measured with about one hundred candidates,
see Fig. 18, and the total branching fraction is found to be B(B+→ pi+µ+µ−) =
(1.83± 0.24± 0.05) · 10−8, where the uncertainties are of statistical and systematic
nature. The publication includes the first test of CP violation in this decay with
the CP asymmetry being ACP (B+→ pi+µ+µ−) = −0.11 ± 0.12 ± 0.01 where the
uncertainties refer to statistical and systematic uncertainties. Both the differential
decay rate and the CP asymmetry are consistent with SM expectations.
The decays Bs,d → pi+pi−µ+µ− have also been measured by the LHCb col-
laboration.92 However, the interpretation of these decays is more difficult as the
hadronically complex structure of the pi+pi− system needs to be considered. The
reconstructed pi+pi−µ+µ− mass distribution shown in Fig. 18, illustrates this point
clearly. In the dipion range of 0.5 − 1.3 GeV/c2, the first observation of the de-
cay B0s → pi+pi−µ+µ− with a branching fraction of B(B0s → pi+pi−µ+µ−) =
(8.6± 1.5± 0.7± 0.7) · 10−8 and the first evidence for the decay B0→ pi+pi−µ+µ−
with a branching fraction of B(B0→ pi+pi−µ+µ−) = (2.11±0.51±0.15±0.16) ·10−8
with the uncertainties being statistical, systematic and originating from the normal-
isation channel were reported.92
An evidence for the decay B0s→ K∗0µ+µ− has recently been seen by the LHCb
collaboration,93 using a total dataset of 4.6 fb−1 of collision data at
√
s=7, 8, and
13 TeV. The significance of this evidence is found to be 3.4 standard deviations.
In the future, the importance of studies of the decay b→ d`+`− will significantly
increase as it allows to measure the same effects as observed in b→ s`+`− decays
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Figure 2: The fit to the invariant mass distribution of (left) selected B+→ pi+µ+µ− candidates
and (right) selected B+→ K+µ+µ− candidates, with the total model and separate components
as described in the legend.
Table 1: The yields of B+→ pi+µ+µ− decays in bins of dilepton invariant mass squared, with
statistical uncertainties.
q2 bin ( GeV2/c4) B+→ pi+µ+µ−
0.1 – 2.0 22.5 +−
5.5
4.8
2.0 – 4.0 7.5 +−
4.9
4.0
4.0 – 6.0 11.1 +−
4.2
3.5
6.0 – 8.0 9.5 ± 3.9
11.0 – 12.5 10.5 ± 3.7
15.0 – 17.0 9.7 ± 3.3
17.0 – 19.0 6.2 ± 2.9
19.0 – 22.0 7.8 ± 3.4
22.0 – 25.0 2.3 +−
2.1
1.5
0.0 – 25.0 93.6 ± 11.5
1.0 – 6.0 28.8 +−
6.7
6.2
15.0 – 22.0 24.1 +−
6.0
5.2
The choice of models used for the partially reconstructed backgrounds, the semileptonic
backgrounds, the misidentified K+µ+µ− background, and the combinatorial background
could all contribute as potential sources of systematic uncertainty. The dependence
of the fitted yields on these models is assessed by replacing the relevant component
with an alternative model, as follows, and evaluating the change in yield in simulation
studies and in the fits to data. The largest change in yield is assigned as the systematic
uncertainty. Changing the models for the B+→ ρ+(pi+pi0)µ+µ− and B0→ ρ0(pi+pi−)µ+µ−
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Figure 2: Mass distributions of (a) the B0(s)→ J/ψ pi+pi− and (b) the B0(s)→ pi+pi−µ+µ− decay
candidates in the range 5.19–5.99 GeV/c2 with fit projections overlaid. The 2011 and 2012 data
sets are combined. In (b), the contribution from B0s→ φµ+µ− and B+→ K+µ+µ− decays are
included in the fit, but they are not visible in the projection, because the corresponding yields
are small.
constrained using Gaussian functions with means fixed to the values obtained with this
method, and widths that account for a relative uncertainty in the 2011 (2012) data sample
of 15% (10%) for B0→ K∗(892)0µ+µ− decays, and of 2% (1%) for B0→ J/ψK∗(892)0
decays. The shape of the B0→ K∗(892)0µ+µ− background is modelled with a Gaussian
function with a power-law tail on the low-mass side; the shape of the B0→ J/ψK∗(892)0
background is modelled with a sum of two Gaussian functions with different means. All
parameters of these functions are fixed from the values obtained in the fit to the control
samples. The background from B0s→ J/ψK∗(892)0 decays is expected to be less than
0.5% [17] of the B0→ J/ψK∗(892)0 yield and is neglected. Similarly, the background from
B0s→ K∗(892)0µ+µ− decays is not considered.
Backgrounds from decays B0s→ φ(→ pi+pi−pi0)µ+µ− with an unreconstructed pi0,
B0s→ η′(→ pi+pi−γ)µ+µ− with an unreconstructed γ, and B+→ K+µ+µ− or
B+→ pi+µ+µ− combined with an additional charged pion, are estimated from
simulations. The mass distributions of these backgrounds are modelled with ARGUS
functions with parameters fixed from fits to simulated events. Backgrounds from
similar decay modes, where the muons come from the J/ψ meson, are described in
the B0(s)→ J/ψ pi+pi− fit using the same methods. An additional contribution is given
by B+c → J/ψpi+pi−pi+ decays, wher a p on is not reconstru ted. This background is
modelled with a su of two Gaussian functions, one of which has a p wer-l w tail on
the low-mass side. Backgrounds from semileptonic B0→ D−(→ ρ0µ−X)µ+X cays with
ρ0→ pi+pi−, give a negligible contribution t pi+pi−µ+µ− m ss reater than 5.19 GeV/c2.
7
Fig. 18. Fit to the invariant mass distribution of B+ → pi+µ+µ− (left); the separate fit to
the charge-conjugated sample is omitted here for reasons of brevity. Fit to the invariant mass
distribution of Bs,d→ pi+pi−µ+µ− candidates (right), where the sm ll contributions from B0s→
φµ+µ− and B+→ K+µ+µ− are not visible. Figures taken from91 and,92 respectively.
nd thus constitute an independent verificat on channel. Furthermore, ratios of b→
d`+`− and b → s`+`− decays provide stringent tests of the flavour structure of
the underlying interactions and allow to study the hypothesis of minimal flavour
violation.90
3.3. Leptonic rare B0(s)→ `+`− decays
In 1985, the CLEO collaboration published the first limit on B0→ µ+µ−, whereas
UA1 should follow four years later ith the first limit in the B0s→ µ+µ− channel;
the timeline of limits and measurements is shown in Fig. 19 . In recent years, the
interest in the decays B0(s)→ µ+µ− increased as the SM rate came into experimental
reach. The SM prediction for the decay B0s→ µ+µ− is known with a precision better
than 5% as discussed in detail in Section 4.3 and lies at BSM(B0s→ µ+µ−) = (3.57±
0.17) · 10−9.94 It has to be noted that the experimentally accessible observable is
the time integrated branching fraction, which differs from the theoretical branching
fraction at t = 095 due to B0s mixing effects. The B
0
s → `+`− branching fractions
discussed in this chapter are all the time integrated quantities. Due to the very
small width difference, this effect is negligible for B0 decays.
The corresponding decay B0 → µ+µ− is additionally CKM-suppressed and
therefore has an SM rate a factor 32 lower than the B0s decay. Analysing the sensi-
tivity in NP physics, these modes are particularly interesting to look for new scalar
or pseudo-scalar interactions, e.g. in two Higgs doublet models (2HDM) type II96,97
large effects are predicted.
In 2012, the LHCb collaboration reported a first evidence of the branching
ratio of B0s → µ+µ−, measured to B(B0s → µ+µ−) = (2.9+1.1−1.0) · 10−9 with a
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significance of 4.0 standard deviations.98 The first observation of this decay, ex-
ceeding six standard deviations, has been achieved by a joint analysis of the
CMS and LHCb collaborations,99 where the branching ratio was determined to
be B(B0s→ µ+µ−) = (2.8+0.7−0.6) · 10−9. The ATLAS collaboration also published an
analysis of 2011 and 2012 data100 with a smaller sensitivity than the CMS or LHCb
collaborations. No significant signal was neither expected nor seen. The compatibil-
ity of the measurement with the SM prediction was found to be at the level of 2.0σ.
The first single experiment observation of B0s→ µ+µ− was reported in 2017 by the
LHCb collaboration of B(B0s→ µ+µ−) = (3.0 ± 0.6+0.3−0.2) · 10−9 with a significance
of 7.8 standard deviations partly exploiting data from the LHC’s Run 2.101 In ad-
dition to the branching ratio, the first measurement of the effective lifetime of the
B0s meson, τ(B
0
s→ µ+µ−) = (2.04± 0.44± 0.05) ps was published, which is related
to the parameter
Aµ
+µ−
∆Γ = −
2<(λ)
1 + |λ|2 with λ =
q
p
A(B0s→ µ+µ−)
A(B0s→ µ+µ−)
, (32)
with the complex coefficients p and q connecting mass and flavour eigenstates in the
B0s −B0s system, and A referring to the decay amplitudes of the respective process.
In certain NP models, Aµ
+µ−
∆Γ ranges between [-1,1]. In the SM, only a pseudo-scalar
amplitude is allowed and hence Aµ
+µ−
∆Γ ≈ 1 − 1.0 · 10−5; the deviation of unity is
caused by power-enhanced QED corrections.94 The effective lifetime τ(B0s→ µ+µ−)
is an orthogonal probe of NP models compared to the B0s→ µ+µ− branching frac-
tion as it is sensitive to models predicting the branching fraction close to its SM
value. However, the current experimental sensitivity is insufficient to make a defini-
tive statement on the validity of the SM or NP models, but τ(B0s → µ+µ−) will
become more important in the future when larger datasets become available. The
LHCb measurement is consistent with the hypothesis of Aµ
+µ−
∆Γ = +1(−1) at 1.0
(1.4) standard deviations.
The experimental results discussed in Section 3.1.7 hint at a violation of Lepton
Flavour Universality, therefore the non-muonic decays B0s→ e+e− and B0s→ τ+τ−
offer an orthogonal probe for NP. Some models predict an enhancement of B0s →
e+e− over B0s → µ+µ− proportional to mµ/me.103 Also the branching fraction of
the decay B0s → τ+τ− could be enhanced with respect to the SM prediction by
several orders of magnitude.104,105
Experimentally, both B(s) → e+e− and B(s) → τ+τ− final states are more
challenging than the muonic mode: when reconstructing the di-electron final state,
bremsstrahlung photons have to be accounted for, and hence the mass resolution is
significantly degraded and the physical backgrounds are more difficult to determine.
In the tauonic decay channel, the decays of the τ leptons render the measurement
challenging as they involve at least two neutrinos, and hence can only be recon-
structed if additional information on the B momentum is available.
The current world’s best upper limits on B(s) → e+e− stem from the CDF
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Fig. 19. Development of limits and branching fraction measurements of the decays B0s→ µ+µ−
(blue) and B0→ µ+µ− (red) over time. Figure from,99 updated in.102
collaboration,106 which determined the following limits at 90% C.L.
B(B0s→ e+e−) < 2.8 · 10−7, (33)
B(B0→ e+e−) < 8.3 · 10−8. (34)
The SM predictions are at the level of 10−13 (see107) and hence not within experi-
mental reach. Searches for B(s)→ e+e− are therefore a clean test for effects beyond
the Standard Model, as no SM contribution is measurable and any observed signal
would be a clean signal for New Physics. A search for B0s→ e+e− using the LHCb
data is in preparation.
A first upper limit on B0s→ τ+τ− was recently published by the LHCb collab-
oration108 together with a limit on B0→ τ+τ− improving the previous limits. The
limits at 95% C.L. are
B(B0s→ τ+τ−) < 6.8 · 10−3, (35)
B(B0→ τ+τ−) < 2.1 · 10−3, (36)
whereas the SM predictions are around four to five orders of magnitude below
the current experimental sensitivity at B(B0s → τ+τ−) = (7.73 ± 0.49) · 10−7 and
B(B0→ τ+τ−) = (2.22±0.19)·10−8, respectively.107 Therefore, also in B(s)→ τ+τ−
decays, any observed signal would be a clear sign of New Physics. The sensitivity
of B(s)→ τ+τ− decays is expected to greatly improve in the upgrade of the LHCb
experiment, profiting from the improvements in the trigger strategy.
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3.4. Exclusive b→ sγ decays
Over the past years, the advancements in exclusive b → sγ decays have been
sparse, and other reviews, see e.g.,109 summarise the measurements by the B fac-
tories, wherefore we restrict this review to the most recent measurements. The
Belle collaboration reported a measurement of the B → K∗γ branching frac-
tions, B(B0 → K∗0γ) = (3.96 ± 0.07 ± 0.14) · 10−5 and B(B+ → K∗+γ) =
(3.76±0.10±0.12) ·10−5,110 which only place weak constraints on possible NP sce-
narios due to the large form factor uncertainties. Stronger constraints are obtained
by measuring the direct CP asymmetry ∆ACP ≡ (ACP (B+→ K∗+γ)−ACP (B0→
K∗0γ)) = (2.4 ± 2.8 ± 0.5)% with ACP (B0→ K∗0γ) = (−1.3 ± 1.7 ± 0.4)% and
ACP (B+ → K∗+γ) = (+1.1 ± 2.3 ± 0.3)%. The average of the CP asymmetries
is ¯ACP = (−0.1 ± 1.4 ± 0.3)%.110 This result comprises, for the first time, evi-
dence of isospin violation (defined similarly to Eq. (10)) at a significance of 3.1σ,
∆0+ = (+6.2± 1.5± 0.6± 1.2%, where the uncertainties are statistical, systematic
and the third uncertainty arises from the production ratio of charged to neutral bb
pairs;110 this result is consistent with the SM expectation. We recall that measure-
ments of isospin asymmetries in the decays crucially depend on accurate determi-
nations of isospin asymmetries in the production. The consequences of a bias-free
determination of the production asymmetry and its consequences on ∆0+ are dis-
cussed in.111 From the measured B0→ K∗0γ branching fraction, comprising solely
the charged K∗0→ K+pi− channel in order to reduce systematic uncertainties, the
ratio
B(B0→ K∗0γ)
B(B0s→ φγ)
= 1.10± 0.16± 0.09± 0.18, (37)
was determined, where the uncertainties are statistical, systematic and the third
uncertainty comes from the B
(∗)0
s B
(∗)0
s production in Υ (5S)decays.
110 Here, the fs
related uncertainty arises from the measurement of B(B0s → φγ) = (3.6 ± 0.5 ±
0.3±0.6) ·10−5.112 The results on the b→ sγ branching fraction ratio are consistent
with both the SM expectations and the LHCb result.113 In B0s → φγ decays, the
photons are predominantly left-handed with a right-handed component suppressed
by the ratio of the s to b masses, where the latter component could be enhanced NP
scenarios. Information on the polarisation can for example be obtained from e.g.
B0→ K∗0e+e− decays(see Section 3.1 for details), which probe the photon polarisa-
tion at low q2, or from a measurement of the parameter A∆. The latter is a function
of the left- and right-handed polarisation amplitudes given by A∆ = sin(2Ψ) with
tan(Ψ) ≡ |A(B0s→ φγR)|/|A(B0s→ φγL)| in the SM. The LHCb collaboration has
recently reported the first time-dependent measurement of a radiative B0s decay,
and has determined A∆ = −0.98+0.46−0.52 +0.23−0.20 in B0s→ φγ,114 which is consistent with
the SM expectation within two standard deviations.
In contrast to B0s → φγ, the decay B0 → φγ is heavily suppressed and the
current most precise limit is reported by the Belle collaboration as B(B0→ φγ) <
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1.0 · 10−7 at 90% C.L..115 As this decay is not sensitive to the electromagnetic
dipole operator O7 but to the QCD-penguin operators O3−6, we refrain from a
more detailed discussion.
4. Theory of rare b→ s`+`− decays
As discussed in Section 2, the description of rare b decays involves hadronic matrix
elements of various local and non-local operators. We discuss these matrix elements
in the following in Section 4.1 and Section 4.2. Subsequently in Section 4.3, we will
revisit the theoretical foundations of the observables discussed in Section 3.
4.1. Hadronic matrix elements of local operators
For the purely leptonic decays of Bs mesons and at leading order in αe, the only
occuring hadronic matrix element emerges from the axialvector current
〈0|s¯γµγ5b|B¯s(p)〉 ≡ ipµfBs , (38)
which introduces the Bs meson decay constant fBs . The hadronic matrix elements
of the operators O9,9′,7,7′ are suppressed by one power of αe; see
94 for a recent study
to that effect.
Presently, the only ab-initio method to obtain the Bs decay constant is lattice
QCD. For a discussion of the inherent systematic uncertainties in lattice determi-
nations of the decay constant we refer to the most recent version of the FLAG
report.116 For determinations with Nf = 2 + 1 + 1 dynamical light quark flavours,
there are presently three results by the European Twisted Mass collaboration
(ETM),117 the HPQCD collaboration,118 and the Fermilab/MILC collaborations
(FNAL/MILC).119The lattice results read:
fBs = 235± 9 MeV (ETM117),
fBs = 224± 5 MeV (HPQCD118),
fBs = 230.7± 1.2 MeV (FNAL/MILC119).
(39)
Besides lattice simulations, the decay constants are also accessible through QCD
Sum Rules (QCDSR). The latter are based on an approach based on an Operator
Product Expansion (OPE) of an inclusive quantitiy, and relating it to exclusive ma-
trix elements in a dispersive framework. A large, and difficult-to-quantify systematic
uncertainty arises from the use of quark-hadron duality. The QCDSR results are
compatible with the lattice determination, albeit with uncertainties roughly one
order of magnitude larger than the most precise lattice determination:
fBs = 234
+15
−11 MeV (QCDSR
120). (40)
For the description of the semileptonic b-hadron decays, the matrix elements of
the local operators are decomposed in terms of form factors: scalar-valued functions
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of q2, the square of the momentum transfer to the dilepton system. A commonly used
basis consists of three form factors f+, f−, and fT for transitions to a single pseudo-
scalar meson (see e.g.121), or seven form factors V , A0,1,2, T1,2,3 for transitions to
a single vector meson (see e.g.122). Transformations of these common bases to the
so-called helicity bases123 can be convenient for the representation of the theoretical
results as is e.g. discussed in.62 They are also beneficial for the determination of
form factor parameters from lattice simulations.41 In order to parametrize the q2-
dependence of the form factors, one relies on their analytic properties.124 Their
spectral densitites contain potential poles below the crossed-channel pair production
threshold; e.g. for the B → K vector form factor, there is a single pole contribution
from the B∗s meson with mass M
2
B∗s
< (MB + MK)
2. Moreover, with the onset
of the pair production the form factors feature a branch cut extending to q2 →
+∞. Following124 and later work, these properties can be incorporated into the
parametrization of the form factors by virtue of a conformal mapping from q2 to a
variable z(q2; t+, t0). The mapping automatically accounts for the first cross-channel
branch cut when equating t+ ≡ (MB +MK)2. A suitable choice of t0 minimizes the
value of |z| in the physical q2 phase space for semileptonic decays.125 The common
paradigm42,123 to parametrize the form factors is then to first remove the sub-
threshold poles through an explicit factor; and second to expand the remaining
functions as a Taylor series around z = 0. Our present knowledge of the hadronic
local matrix elements can be summarised as follows:
• In the case of B → K transitions, the form factors are available from both
lattice simulations ;126 Light Cone Sum Rules (LCSRs) with kaon distribution
amplitudes;121 and LCSRs with B-meson Light Cone Distribution Amplitudes
(LCDAs).127 Either of these results, or combinations thereof have been used in
phenomenological applications. A new analysis using LCSRs with B-meson distri-
bution amplitudes is pending.128
• The case of B → K∗ form factors is more complicated since the K∗ is not an
asymptotic state of QCD. For high-precision analyses, the effects of its finite width
have to be taken into account. Lattice results in the narrow-width approximation
are available from.129 Updated LCSR results for K∗-LCDAs in the narrow-width
approximation are provided in,42 and a combination of lattice QCD and K∗-LCSR
results have been published in.42 B-LCSR127,130 results do not reach the same level
of sophistication as K∗-LCSRs, and and updates are expected this year.128,131
• For the case of Bs → φ transitions, the full set of form factors is available from
lattice simulations,129 and LCSRs with φ-LCDAs.42
• The most precise results on Λb → Λ transition form factors are available from
lattice simulations.132 Results on the form factors from LCSRs with Λ-LCDAs
are available from.133 For Soft Collinear Effective Theory Sum Rule results from
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Λb-LCDAs we refer to,
134 with the complete NLO αs corrections to the leading
Λb-LCDAs subsequently published in.
135
4.2. Hadronic matrix elements of non-local operators
Beside the local semileptonic operators O9,10 and their counterparts in NP scenarios,
also the operators O1...6,8 contribute significantly to the amplitudes. On one hand,
the RGE already shows us that roughly 50% of the value of C9 at the low scale is
generated through the RGE mixing of the operators O1c,2c into O9. Consequently,
this generates a numerically significant scale dependence of C9 that can only be
compensated through the scale dependence of the hadronic matrix elements of these
two operators. e
The latter arise from a non-local operator, the time-ordered product with the
electromagnetic current Je.m.:
Hµ = i
∫
d4x eiq·x〈Hs(k)|T {Jµe.m.(x),
∑
i
CiOi(0)}|Hb(p)〉 , (41)
where the sum runs over i = 1c, 2c, 1u, 2u, 3 . . . 6, 8. We shorten the following dis-
cussion by only considering non-local effects of the operators O8 and O1c,2c, which
enter the amplitudes numerically unsuppressed by either small CKM matrix ele-
ments or small WC.
To leading power in the heavy quark expansion, the effects due to O8 can be
described in the framework of QCD factorisation (QCDF)136,137 as O(αs) contri-
butions. When going to subleading power, QCDF breaks down due to endpoint-
divergent contributions from terms corresponding to photon emissions from the
spectator quark.136 This problem can presently only be overcome in the frame-
ork of LCSRs.138 According to,138 the contributions can be written as generalized
and complex-valued form factors for meson transitions. The generalized form fac-
tors are roughly of the same size as the local matrix elements of O7, however,
with large phases. They enter the amplitudes with a factor two suppression since
C7(µb) ' 2C8(µb). Additionally, the form factors are further suppressed with in-
creasing q2.138
The four-quark operators are both phenomenologically important and concep-
tually interesting, since they give rise to hadronic decays of the form Hb → HsV (→
γ∗ → `+`−). Here V denotes any state with quantum numbers JPC = 1−−, which
can resonantly contribute to the decay rate. A special case here are the O1c,2c
contributions, which enter with WCs C1c,2c = O(1) and at the same level of the
eIn principle this is also true for the scale dependence of C7. However, here the short-distance
mixing of the four-quark operators into the electromagnetic operator O7 are suppressed by αs.
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(a) Assuming the absence of a branch cut due to light hadrons, with bound states J/ψ
and ψ(2S).
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(b) In the presence of a branch cut due to light-hadrons, without any bound states.
Fig. 20. Illustration of the analytic structure of the non-local matrix elements of bscc¯ operators,
in the complex q2 plane. Bound states are shown as filled circles; resonances are shown as empty
circles off the real axis, respectively; and the DD¯ branch cut is depicted as the red area extending
from 4M2D to +∞. The blue shaded area depicts the branch cut due to light hadrons (e.g. φ,
K+K−), starting at 4M2pi . These figures originates from auxilliary materials associated with.139
CKM Wolfenstein parameter λ as the short-distance semileptonic contributions.
To illustrate the problem, consider the measurements of the branching ratio for
the decay B0 → K∗0µ+µ− in the q2 bin from 1.1 GeV2 to 6 GeV2, which yields
∼ 0.3 ·10−7, while the resonant hadronic decays B0→ K∗0J/ψ and B0→ K∗0ψ(2S)
yield ∼ 1.3 · 10−3 and ∼ 0.6 · 10−3, respectively. These resonant enhancements are
denoted as either poles or resonances in the complex q2 plane in Fig. 20.
Early works on the theoretical description of b→ s`+`− decays assumed fac-
torisation of the b → s quark current from the cc¯ loop – usually referred to as
naive factorisation. A first improvement within the concept of naive factorisation
was achieved by Kru¨ger and Sehgal through replacement of the LO quark-loop
function by a resonant long-distance contribution extracted from e+e− → hadrons
on the J/ψ and ψ(2S) resonances as well as above the DD¯ threshold.140 The rel-
evant parameters for the description can be inferred from contemporary R ratio
measurements,88 where
R =
σ(e+e−→ hadrons)
σ(e+e−→ µ+µ−) . (42)
A further theoretical improvement was achieved by embedding the four-quark
contributions within the frame of QCD factorisation,137,141 which holds for q2 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M2J/ψ. The authors were able to show that all contributions to leading power in a
combined expansion of local operators in 1/mb and 1/E, with E the hadron energy
in the B rest frame, can be expressed either through local hadronic form factors
or convolutions of hard-collinear kernels with B-meson and light-meson LCDAs.
Note here that the restriction on the allowed q2 phase space arises both from the
requirements of the power expansion in QCDF, and from estimating a breakdown
of the local OPE close to the J/ψ pole. The latter estimate has been questioned
more recently in.142,143 By using a Light-Cone OPE (LCOPE), the authors estimate
that formally power-suppressed soft contributions become numerically relevant for
q2 6 4m2c ' 4 GeV2. The leading-power contribution to the LCOPE corresponds
to the local OPE such that the QCDF results are completely recovered. At next-to-
leading power, corrections to the local OPE from operators involving one soft gluon
field can be incorporated. The relevant non-local hadronic matrix elements were
estimated from LCSRs. The approximate symmetry of the QCDF results between
the two transverse polarization states, arising in the limit of large K∗ energy in
the B-meson rest frame, can be exploited phenomenologically. A large number of
optimised observables have been designed that exhibit a reduced dependence on
the local form factors .30,144–146 The now standard basis of optimised observables
is {P1,2,3, P ′4,5,6}.45
For the phase space with q2 ' m2b , the four-quark operators can be treated in
a local OPE,35,147 commonly referred to as the Low Recoil OPE (LROPE). Due
to the universality of the LROPE results for the various K∗ and dimuon polari-
sation states, it gives rise to a rich phenomenology and a set of optimised observ-
ables.23,31,40,52,62,148,149 In contrast to the theory approaches below the J/ψ, the
LROPE results can only be used for sufficiently inclusive q2-integrated quantities.
The small size of the available phase space in B → K(∗) decays above the open
charm threshold bring into question the LROPE predictions (see e.g.150). Possible
relief is an item of active research, and includes: an update to the Kru¨ger/Sehgal
model for the resonances including matching onto the LROPE without150 and
with151 the use of endpoint relations among the amplitudes;149 and explicit models
for the violation of quark-hadron duality in rare D decays.152 Rare D decays might
be an interesting laboratory to test our understanding of the long-distance effects,
due to their larger hierarchy between long-distance and short-distance effects when
compared to the rare B decays.
Very recently, a new approach to the non-local matrix elements below the ψ(2S)
has been proposed in a proof-of-concept study.139 There the authors parametrize
the non-local matrix elements due to O1c,2c in a manner that respects the analytic
properties shown in Fig. 20(a). As consequence, theoretical constraints at q2 < 0
and therefore far below any hadronic threshold can be combined with experimental
constraints on the non-leptonic decays B → K∗{J/ψ, ψ(2S)}. It remains to be seen
how well this approach can be adapted to other exclusive b→ s`+`− decay modes.
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4.3. Theory predictions in the Standard Model
For the decay Bs → µ+µ−, the presently most precise theoretical predictions include
NNLO QCD corrections153 and NLO electroweak corrections7 at the matching scale,
and RGE effects of both QCD and QED in the evolution to the low scale.8,9 Non-
local power-enhanced QED effects have been taken into consideration for the first
time in,94 which updates the theory predictions for the observables as follows:
BSM(B0s→ µ+µ−) = (3.57± 0.17) · 10−9 , (43)
Aµ
+µ−
∆Γ ≈ 1− 1.0 · 10−5 , (44)
Cλ ≈ ηλ · 0.6% , (45)
Sλ ≈ −0.1% . (46)
The time-integrated branching ratio B and the mixing-induced CP asymmetry
Aµ
+µ−
∆Γ have been introduced in
95 and discussed in Section 3.3. The observables
Cλ and Sλ are introduced by the time-dependent rate asymmetry
154 Here λ = L,R
refers to the helicity configuration of the muon pair, and ηL/R = ±1. (Note that the
above does not yet include the updated results for the Bs meson decay constant by
the FNAL/MILC collaborations with a substantially reduced uncertainty.119)
Theory predictions for the semileptonic decays cannot be displayed as succinctly
and easily as the ones for the purely leptonic decays. This is due to a large number
of choices that need to be made such as the choice of the form factor inputs and
parametrisations as well as the treatment of the non-local effects. For B → K(∗)``
and Bs → φ`+`−, with either ` = e or ` = µ final states, there are various pre-
dictions that differ in these choices.14,53,75 However, all of these predictions are
mutually compatible at varying degree.
For Λb → Λ`+`−, again with ` = e, µ, there are presently no predictions for
q2 < M2J/ψ that systematically take non-local effects into account. For predictions
at q2 > M2ψ(2S) we refer to.
132
For the SM predictions of lepton-flavour universality ratios, the treatment of
QED effects is very important. For RK(∗) , this was recently studied in.
85 For less
inclusive observables, such as the angular observables in B → K∗e+e−, the impact
of log-enhanced QED has been discussed in principle in;24 in particular their effects
on moments of the angular distribution, and higher moments that do not emerge
in the absence of QED effects.
We conclude by referring to existing open source software for the prediction of
various observables in exclusive rare (semi-)leptonic B decays. Using both the EOS63
and flavio155 software, interested parties can gain access to theory predictions
within and beyond the SM with the benefit of making their own choices of treatment
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for the relevant hadronic effects.
5. Phenomenology and New Physics reach
5.1. Global fits
The large number of measured observables for exclusive b→ s`+`− transitions has
inspired a number of global fits14,27 of the WC. These fits rely on constraints of q2-
integrated observables from the experimental analysis. In addition to these global
fits, direct fits of the WC to the observed events have been proposed.156–159
Common to both types of fits are two questions:
(1) What type of data should be included?
(2) Which WC should be fitted for, and which can be safely set to their SM values?
The first question has one definite answer: with larger datasets and more com-
plementary data comes greater confidence in the fit results. In addition, the large
number of phase space bins allows to perform consistency checks amongst the data.
It has been shown that the constraints from individual experiments are in mu-
tual agreement.27 Moreover, removing individual q2 bins from the analysis allows
to extensively check the results for stability against mismodelling of the non-local
charm effects. These checks indicate that the results for C9 obtained from subsets
of the q2 bin are mutually compatible, and no explicit q2 dependence of the result is
found. (see e.g.14,27). Beside fitting for only the short-distance information encoded
in the WC, it has also been demonstrated that information on the form factors and
non-local matrix elements can be inferred alongside the WC.12,139,160 By fitting an
explicit parametrisation of the non-local matrix elements to data, it was shown that
the non-local effects can explain the anomalies, but then fail to explain the q2 be-
haviour of the non-local effects as imposed by the dispersion relations and require
corrections to the leading-power theory results beyond what is naively expected
based on power-counting arguments.15,53
While fits to the mesonic modes B → K(∗)µ+µ− and Bs → φµ+µ− are by now part
of the standard global fits, the inclusion of the baryonic mode Λ0b → Λ(∗)`+`− is
much more complicated and will require future work to be viable. A first study to
that effect concluded that exploitation of the data at low hadronic recoil is possi-
ble.80 However, the positive shift to C9 which emerges in this study is at odds with
the consistent picture of a negative shift in all other processes. Moreover, even this
positive shift required large duality-violating effects due to non-local charm effects
that are incompatible with our present understanding of the LROPE.80
The second question has no definite answer: no amount of data, neither from
present nor from upcoming experiments, will allow to constrain the entire set of WC
simultaneously. The common paradigm is to restrict the fits to the WC of opera-
tors of mass dimension six. This is a reasonable restriction, since dimension-eight
operators are generically suppressed by factors M2B/M
2
W ∼ 0.5%.
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Fig. 21. Plots of the allowed region in the C9–C10 plane based of four competing analyses. Even
though the four analysis use different approaches for the hadronic matrix elements, they all find a
substantial tension with respect to the SM value for the parameter C9.
The results for fits to b→ sµ+µ− data from the various groups as illustrated
in Fig. 21 can be summarised as follows:14,27,161,162
• the exclusive data can be fitted reasonably well with the SM ansatz, assuming
substantial shifts from theory predictions of the hadronic matrix elements;
• the combination of all b→ sµ+µ− data favour a shift to the WC C9, which
amounts to 25% of its SM value at µ ∼ 4.2GeV;
• there is no clear sign for a q2 dependence of this shift;
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• from a theory perspective, there is presently no irrefutable evidence that this
shift is due to NP;
However, in combination with the b→ se+e− data this conclusion changes. Since
the measurements of the LFU observables RK(∗) cannot be explained by hadronic
effects within the SM, all groups find that a NP interpretation of the data is strongly
favoured. The shift to C9 needed to explain the b→ sµ+µ− data can simultaneously
also explain the signs of LFU violation, if NP are suppressed or absent in b→ se+e−
processes. It is therefore now common to distinguish between the Wilson coefficients
in both processes according to the lepton flavour, and write C
(`)
9 .
Sensitivity studies aimed at the dataset sizes expected from the Belle II experi-
ment and the LHCb Upgrade indicate that the anomalies can exceed a level of 5σ
if the present central values remain unchanged;163 see Fig. 22 for an illustration.
However, it remains to be shown that the shift to C
(µ)
9 is indeed a genuine NP effect,
and not due to non-local hadronic effects. A promising approach has been recently
studied in 159 wherein unbinned fits to the angular distributions of B0→ K∗0µ+µ−
and B0→ K∗0e+e− are carried out simultaneously, yielding accurate and model-
independent results for the difference C
(µ)
9 −C(e)9 . Nevertheless, we emphasise that
a better understanding of the non-local hadronic matrix elements is paramount
for our understanding of the individual Wilson coefficients C
(µ)
9 and C
(e)
9 and the
potential NP models that might give rise to LFU violation.
6. Experimental outlook
The current picture of anomalies in the flavour sector, which have been part of the
discussion in this review, promise an interesting future for flavour physics. With the
upcoming upgrade of the LHCb detector in 2019-2020 and the start of the Belle II
experiment later this year, a confirmation or exclusion of those present-day anoma-
lies is to be expected within the next years. The current available datasets of the
LHCb and Belle collaboration correspond to integrated luminosities of 6.7 fb−1 at
the beginning of 2018 and 0.7 ab−1, respectively. The Belle II experiment is expected
to collect 5 ab−1 (50 ab−1) by 2020 (2024). With the LHCb detector, an increase to
8 fb−1 for this year before the second long shutdown is foreseen. After the scheduled
major upgrade of the LHCb detector164 datasets corresponding to 22 fb−1 in 2024
and to 50 fb−1 by 2029 will be accumulated.165
In,163 the impact of the future sensitivities at those well-defined milestones in
2020, 2024 and 2029 are estimated and their impact on global fits to the Wilson Co-
efficients is discussed. An illustration of the impact of future sensitivities of the Belle
II and LHCb experiments and their complementarity is shown in Fig. 22. As can be
seen from Fig. 22, the primed semileptonic operators as well as the electromagnetic
dipole operators are currently consistent with the SM hypothesis. However, the cur-
rent measurements exhibit a tension from the SM in C9 (see Section 5.1), which
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seems to be lower than the SM prediction. No discrepancy to the SM prediction is
observed for C10.
It is expected that the sensitivities of the upgraded LHCb experiment and the
Belle II detector will allow to either exclude or confirm the currently observed
anomalies within the next years. If the current anomalies in R(K) and R(K∗) stay
at their respective central values, then LHCb should be able to measure R(K)
and R(K∗) with a significance exceeding 5σ already with a dataset corresponding
to 8 fb−1. The Belle II collaboration will reach the required sensitivities with a
dataset of 5 ab−1 foreseen to be collected in 2020. Due to the available statistics
and improvements to the detector, the origin of the anomalies in the flavour sector
is expected to be discovered within the next years and will allow us to gain insight
about potential physics beyond the SM.
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